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ABSTRACT 

I 

Measurements of t h e  t r a n s v e r s e  s c a l e  of F- layer  i r r e g u l a r i t i e s ,  

based on r a d i o - s t a r  o b s e r v a t i o n s  from Col lege ,  Alaska,  a t  f r e q u e n c i e s  of 

68 and 223 MHz, a r e  r e p o r t e d .  

t i o n - r a t i o  technique  y i e l d s  t y p i c a l  scales of 600 t o  700 meters f o r  mid -  

a u r o r a l  l a t i t u d e s .  Typica l  s c a l e s  of one k i l o m e t e r  a r e  found f o r  

h i g h e r - l a t i t u d e  i r r e g u l a r i t i e s .  

i n c r e a s i n g  magnet ic  index.  Analys is  by t h e  two-frequency c o r r e l a t i o n  

t e c h n i q u e  produces e r r o n e o u s l y  s m a l l  scales due t o  r e f r a c t i o n  e f f e c t s .  

Analysis  by t h e  two-frequency s c i n t i l l a -  

The l a t t e r  show i n c r e a s i n g  scale w i t h  

I 
I 
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INTRODUCTION 

S e v e r a l  t echniques  have been developed f o r  measuring t h e  s c a l e  

s i z e  of  i o n o s p h e r i c  i r r e g u l a r i t i e s  which produce r a d i o - s t a r  s c i n t i l l a -  

t i o n s .  The most commonly employed is t h e  f a m i l i a r  spaced-rece iver  

method, d e s c r i b e d  f o r  i z s t a n c e  by R a t c l i f f e  (1956, s e c t i o n  11.3). A t  

least  two o t h e r  t e c h n i q u e s  a l s o  have been employed. 

Guid ice  (1966) have e s t i m a t e d  i r r e g u l a r i t y  s i z e  by observ ing  t h e  de- 

crease i n  s c i n t i l l a t i o n  d i s p l a y e d  by s o u r c e s  wi th  i n c r e a s i n g  a n g u l a r  

dimensions.  Second, Fremouw (1966) h a s  o b t a i n e d  s c a l e  s i z e s  from ob- 

s e r v a t i o n s  of v i s i b i l i t y  f a d e s .  

F i r s t ,  Aarons and 

Briggs and P a r k i n  (1963) have sugges ted  a n o t h e r  t e c h n i q u e ,  here to-  

f o r e  u n t r i e d ,  which does n o t  r e q u i r e  spaced receivers, mul t i - source  

o b s e r v a t i o n s ,  o r  t h e  s e v e r e  scat ter  c o n d i t i o n s  of a v i s i b i l i t y  fade .  

Based on s imul taneous  o b s e r v a t i o n s  a t  two f r e q u e n c i e s ,  t h e  t e c h n i q u e ’ s  

t h e o r e t i c a l  foundat ion  w a s  r e f i n e d  by Budden (1965) t o  account f o r  a n i -  

s o t r o p i c  i r r e g u l a r i t i e s  i n  a region of a r b i t r a r y  t h i c k n e s s .  I n  t h e  

p r e s e n t  work w e  have a p p l i e d  Budden’s re f inement  t o  o b s e r v a t i o n s  i n  t h e  

n o r t h e r n  a u r o r a l  zone. 

I n  t h e  technique  which we have used ,  t h e  observable  q u a n t i t y  i s  

t h e  r a t i o  of ampl i tude  f l u c t u a t i o n  a t  two f r e q u e n c i e s .  Budden a l s o  

a n a l y t i c a l l y  d e s c r i b e d  t h e  c o r r e l a t i o n  between ampl i tude  f l u c t u a t i o n s  

a t  two f r e q u e n c i e s .  We have performed t h e  c o r r e l a t i o n  a n a l y s i s  f o r  

some of o u r  d a t a ,  and w e  s h a l l  d i s c u s s  t h o s e  r e s u l t s  b r i e f l y  a t  t h e  

end of t h e  paper .  
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S e v e r a l  i o n o s p h e r i c  parameters  o t h e r  t h a n  s c a l e  s i z e  a f f e c t  both 

t h e  two-frequency s c i n t i l l a t i o n  r a t i o  and t h e  two-frequency c o r r e l a -  

t i o n .  They i n c l u d e  t h e  c e n t e r  h e i g h t  and t h i c k n e s s  of t h e  d i f f r a c t i n g  

r e g i o n  and t h e  a x i a l  r a t i o  of t h e  ion-dens i ty  i r r e g u l a r i t i e s  involved .  

Budden (1965, s e c t i o n  6) p o i n t e d  o u t  t h a t  t h e  e f f e c t  of r e g i o n  

t h i c k n e s s  on two-frequency c o r r e l a t i o n  i s  n e g l i g i b l e  so  long a s  i t  i s  

l a r g e  compared w i t h  t h e  scale of i r r e g u l a r i t i e s .  W e  have found t h i s  t o  

be t r u e  a l s o  f o r  t h e  two-frequency s c i n t i l l a t i o n  r a t i o .  The e f f e c t  of 

f i e l d  alignment p r e c l u d e s  p r e d i c t i n g  g e n e r a l  r e s u l t s  f o r  a l l  observ ing  

s t a t i o n s  and a l l  s o u r c e s .  Therefore  t h e  l o c a t i o n  of t h e  observa tory  

and t h e  angular  p o s i t i o n  of t h e  s o u r c e  r e l a t i v e  t o  t h e  geomagnetic 

f i e l d  must be taken  i n t o  account .  

In the  p r e s e n t  work w e  have used a r e s u l t  of Budden's t o  c a l c u l a t e  

t h e  combined c e n t e r  h e i g h t  and scale s i z e  dependence of t h e  two-fre- 

quency s c i n t i l l a t i o n  r a t i o  g iven  a t h i c k  reg ion  (100 km), a range of 

a x i a l  r a t i o ,  and t h e  c i rcumstances  of our  experiment .  Our observ ing  

f r e q u e n c i e s  were 68 and 223  MHz and t h e  receiver s i t e  w a s  l o c a t e d  n e a r  

Col lege ,  Alaska (64.9"N, 147.8"W, gg;  64.6"N, 256.6"E, gm). A s i n g l e  

c i rcumpolar  s o u r c e ,  Cass iope ia  A,  w a s  t r a c k e d  w i t h  s imply ( i . e . ,  nonco- 

h e r e n t l y )  d e t e c t i n g  phase-sweep i n t e r f e r o m e t e r s  having east-west base- 

l i n e s  of  about 220 meters. 

I n  t h e  n e x t  s e c t i o n , u s i n g  Budden's t h e o r y ,  w e  s h a l l  d i s c u s s  t h e  

behavior  of t h e  two-frequency s c i n t i l l a t i o n  r a t i o  under o u r  experimen- 

t a l  c o n d i t i o n s .  T h e r e a f t e r  w e  s h a l l  p r e s e n t  exper imenta l  d a t a  followed 
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I 

I 

by r e s u l t s  f o r  t h e  scale  s i z e  of auroral-zone i r r e g u l a r i t i e s  based on 

t h e  model c a l c u l a t i o n s .  

c o r r e l a t i o n  between ampli tude s c i n t i l l a t i o n s  a t  t h e  two f r e q u e n c i e s .  

F i n a l l y  w e  s h a l l  b r i e f l y  d i s c u s s  t h e  observed 

MODEL CALCULATIONS 

W e  measured t h e  r a t i o ,  S 6 8 / S 2 2 3 ,  of s c i n t i l l a t i o n  index  a t  68 MHz 

t o  t h a t  a t  223 MHz, w i t h  t h e  i n d e x  Si d e f i n e d  a s  t h e  mean f r a c t i o n a l  

f l u c t u a t i o n  i n  r e c e i v e d  i n t e n s i t y ,  \Pi - Pil /Pi .  

(1963, s e c t i o n  8)  have d i s c u s s e d  the  e q u i v a l e n c e  of Si as def ined  above 

t o  o t h e r  measures of ampl i tude  o r  i n t e n s i t y  s c i n t i l l a t i o n .  S ince  Bud- 

d e n ' s  e q u a t i o n  (49) i s  p r o p o r t i o n a l  t o  S i t  i s  a s i m p l e  m a t t e r  t o  

adapt  i t  t o  re la te  two-frequency s c i n t i l l a t i o n  r a t i o  t o  i o n o s p h e r i c  

- - 
Briggs  and Park in  

i '  

parameters .  

We have accounted f o r  geometr ic  f a c t o r s  on t h e  b a s i s  of an e a r t h -  

c e n t e r e d  but  a x i a l l y  t i p p e d  magnetic d i p o l e  f i e l d .  These f a c t o r s  

i n c l u d e  t h e  azimuth of t h e  s o u r c e  r e l a t i v e  t o  t h e  h o r i z o n t a l  component 

of t h e  magnet ic  f i e l d ,  t h e  inc idence  a n g l e  of t h e  r a d i o  wave on t h e  

ionosphere ,  and t h e  magnet ic  d i p  angle benea th  t h e  p o i n t  of i o n o s p h e r i c  

p e n e t r a t i o n .  I n  t h e  c a l c u l a t i o n s  t h e  long dimension of t h e  i r r e g u l a r i -  

t ies  w a s  assumed t o  be p a r a l l e l  t o  t h e  magnet ic  f i e l d .  

Fig.  1 shows t h e  dependence of S 6 8 / S 2 2 3  on t r a n s v e r s e  i r r e g u l a r i t y  

scale s i z e  f o r  t h r e e  assumed d i f f r a c t i o n - r e g i o n  c e n t e r  h e i g h t s  and a 

range  of a x i a l  r a t i o  from 5 through 20. A s  a d e f i n i t i o n  of scale w e  

are us ing  t h e  d i s t a n c e  over  which t h e  i o n o s p h e r i c  a u t o c o r r e l a t i o n  
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f u n c t i o n  drops t o  l / e .  Axia l  r a t i o  i s  d e f i n e d  h e r e  as t h e  r a t i o  of 

s c a l e  along t h e  f i e l d  t o  t h a t  t r a n s v e r s e  t o  t h e  f i e l d .  

t a i n s  t o  upper t r a n s i t  of Cas A a t  Col lege ,  corresponding t o  a z e n i t h  

a n g l e  of about 6 degrees  ( s o u t h ) .  

The f i g u r e  per-  

A t  t h e  t o p  and bottom of Fig.  1 t h e  c u r v e s  merge t o  l i m i t i n g  v a l -  

u e s  of s c i n t i l l a t i o n  r a t i o .  These l i m i t s  correspond t o  t h e  n e a r  and 

f a r  zones where S 68 /s223 = ( h 6 8 / ~ 2 2 3 ) 2  and s6, /s2, ,  - - x ~ ~ / x ~ ~ ~ ,  respec-  

t i v e l y ,  as d i s c u s s e d  by Briggs and Park in  (1963, s e c t i o n  5 .3) .  

I n  the n e a r  and f a r  zones one may hope t o  set r e s p e c t i v e l y  lower 

and upper l i m i t s  on i r r e g u l a r i t y  scale s i z e .  The t r a n s i t i o n  zone 

between the  l i m i t s  r e p r e s e n t s  a range i n  which one may hope t o  o b t a i n  

e x p l i c i t  measurements of scale i f  v a l u e s  of  h e i g h t  and a x i a l  r a t i o  can 

b e  e s t a b l i s h e d  o r  reasonably  assumed. 

A set of curves  similar t o  t h o s e  i n  F ig .  1 can b e  computed f o r  

each angular  p o s i t i o n  of t h e  source .  A l t e r n a t i v e l y  t h e  p o s i t i o n  depen- 

dence of s c i n t i l l a t i o n  r a t i o  f o r  a g iven  set  of i o n o s p h e r i c  parameters  

can be presented  as i n  F i g .  2. The smooth curves  show zeni th-angle  

dependence given a s i n g l e  a x i a l  r a t i o  and two v a l u e s  each of h e i g h t  and 

scale. 

It i s  important  t o  n o t e  t h a t  an  i r r e g u l a r i t y  r e g i o n  of geographi- 

c a l l y  uniform parameters  r e s u l t s  i n  a p r e d i c t e d  minimum i n  s c i n t i l l a -  

t i o n  r a t i o  near  lower t r a n s i t .  Also t h e  curves  are n o t  q u i t e  symmetr i -  

c a l  about  upper o r  lower t r a n s i t  f o r  f i e l d - a l i g n e d  i r r e g u l a r i t i e s .  For 

an a x i a l  r a t i o  of f i v e ,  which w a s  used f o r  F i g .  2 ,  t h e  asymmetry i s  
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Fig .  1. S c i n t i l l a t i o n  r a t i o  ve r sus  t r a n s v e r s e  scale f o r  one s o u r c e  
p o s i t i o n  and t h r e e  v a l u e s  of  d i f f r a c t i o n - r e g i o n  c e n t e r  
h e i g h t ,  H. 
cor respond t o  an a x i a l  r a t i o  of  20 and 5 ,  r e s p e c t i v e l y .  
The h o r i z o n t a l  b a r s  r e p r e s e n t  observed  v a l u e s  of r a t i o .  

The top  and bottom of  each  shaded r e g i o n  



6 

11 

10 

9 

d 
s68 

s223 
7 

6 

5 

4 

3 

Near Zone Limit 

x Source Setting 
0 Source Rising 

H = 200 km 

Transverse Scale=l.O km 

H = 5 0 0 k n  

H = 200 kn 

Transverse Schle=0.6 km - H=500 km 

Far Zone Limit 

10 20 30 40  50 60 70 

Zenith Angle (Degrees) 

Fig .  2. S c i n t i l l a t i o n  r a t i o  v e r s u s  Cass iope ia  A z e n i t h  a n g l e  f o r  an  
a x i a l  r a t i o  of 5 and two v a l u e s  each  of h e i g h t  and t r a n s v e r s e  
s c a l e  (smooth c u r v e s ) .  
observed v a l u e s  of rat i o .  

The broken curve  r e p r e s e n t s  mean 
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n o t i c e a b l e  only  n e a r  upper t rans i t .  The d e c r e a s e  i n  s c i n t i l l a t i o n  

r a t i o  j u s t  p a s t  upper t r a n s i t  r e s u l t s  from t h e  i r r e g u l a r i t i e s  being 

observed  n e a r l y  end on. 

OBSERVED SCINTILLATION RATIOS 

We o b t a i n e d  d i g i t a l  r e c o r d i n g s  of Cas A ampl i tude  f l u c t u a t i o n  

s i m u l t a n e o u s l y  on 68 and 223 MHz f o r  t h r e e  c o n s e c u t i v e  months s t a r t i n g  

i n  October of 1965. The sample r a t e  v a r i e d  between 1 5  and 120 p e r  min- 

u t e .  

exceeded 0.04 .  

Hourly averages of s c i n t i l l a t i o n  r a t i o  were computed when S 2 2 3  

F ig .  3 shows 244 v a l u e s  o f  s c i n t i l l a t i o n  r a t i o  as a f u n c t i o n  of 

z e n i t h  a n g l e .  Nearly a l l  t h e  da t a  p o i n t s  f a l l  w i t h i n  t h e  i n t e r m e d i a t e  

zone,  a l lowing  e x p l i c i t  measurement of scale i f  o t h e r  parameters  a r e  

known. Average v a l u e s  of t h e  observed r a t i o s  are shown i n  t h e  broken 

c u r v e  of F ig .  2 .  

d i s c r e p a n c y  f o r  t h e  g r e a t e r  z e n i t h  angles .  

low a t r e n d  upward toward t h e  near-zone l i m i t ,  w h i l e  t h e  t h e o r e t i c a l  

c u r v e s  p r e d i c t  an o p p o s i t e  t r e n d .  

Comparison w i t h  the  t h e o r e t i c a l  curves  shows a marked 

The exper imenta l  d a t a  f o l -  

Orhaug (1965, s e c t i o n  C5) h a s  r e p o r t e d  a similar d iscrepancy  be- 

tween s ingle- f requency  (150 MHz) o b s e r v a t i o n s  and s imple  theory  a t  geo- 

g r a p h i c  and geomagnetic l a t i t u d e s  comparable t o  our  own. 

f o u r  p o s s i b l e  e x p l a n a t i o n s  as fol lows:  

H e  l i s t e d  

"1. The l a y e r  h e i g h t  i s  g r a d u a l l y  d e c r e a s i n g  w i t h  i n c r e a s i n g  

l a  t i t  ud e. 
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Fig .  3.  Observed v a l u e s  of s c i n t i l l a t i o n  r a t i o  v e r s u s  z e n i t h  a n g l e .  
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2.  The average dimension o f  the  i r r e g u l a r i t i e s  i s  g r a d u a l l y  

i n c r e a s i n g  w i t h  i n c r e a s i n g  l a t i t u d e .  

3 .  The s p a t i a l  i r r e g u l a r i t i e s  are a n i s o t r o p i c .  

4 .  The i n t e n s i t y  of t h e  f l u c t u a t i o n s  of r e f r a c t i v e  index i s  

g r a d u a l l y  i n c r e a s i n g  w i t h  l a t i t u d e . "  

Orhaug commented f u r t h e r ,  "Of t h e s e  assumptions,  t h e  l a s t  two are con- 

s i d e r e d  t o  be t h e  most probable ."  

On t h e  b a s i s  of o b s e r v a t i o n s  then a v a i l a b l e ,  we would have agreed 

w i t h  Orhaug's concluding remark. However, our  two-frequency observa- 

t i o n s  p o i n t  i n s t e a d  t o  h i s  f i r s t  two a l t e r n a t i v e s .  Budden's t h e o r y ,  

which w e  have used i n  computing t h e  smooth curves  of F ig .  2 ,  accounts  

f o r  a n i s o t r o p y .  While t h e  c u r v e s  shown are f o r  a n  a x i a l  r a t i o  of 5 ,  w e  

have computed s imilar  ones f o r  a x i a l  r a t i o s  up t o  and i n c l u d i n g  20, and 

t h e y  a l l  d i s p l a y  minima a t  lower t r a n s i t .  

We would n o t  d i s p u t e  t h e  p o s s i b i l i t y  of an  i n c r e a s e  i n  i n t e n s i t y  

of i r r e g u l a r i t i e s  w i t h  i n c r e a s i n g  l a t i t u d e .  However, as d i s c u s s e d  by 

Br iggs  and P a r k i n  (1963, s e c t i o n  5.3), such an e f f e c t  would n o t  be 

r e f l e c t e d  i n  our  two-frequency o b s e r v a t i o n s .  

Thus w e  conclude t h a t  ionospher ic  i r r e g u l a r i t i e s  n o r t h  of Col lege ,  

Alaska ,  d i s p l a y  e i t h e r  a d e c r e a s e  i n  h e i g h t ,  an  i n c r e a s e  i n  scale,  o r  

b o t h ,  w i t h  i n c r e a s i n g  l a t i t u d e .  

l i k e l y  l a t i t u d i n a l  t h a n  d i u r n a l  w i l l  be  d i s c u s s e d  l a t e r . )  

(That t h e  observed v a r i a t i o n  i s  more 
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ASSUMPTIONS AND ANALYSIS 

The theory  of Budden (1965) ,  which w e  have used ,  i s  based on 

assumption of  a n  o p t i c a l l y  t h i n  s c a t t e r i n g  r e g i o n .  A s t u d y  of rad io-  

s ta r  v i s i b i l i t y  dur ing  our  observ ing  p e r i o d  (Fremouw, 1966) h a s  i n d i -  

cated t h a t  t h i s  c o n d i t i o n  p r e v a i l e d  a t  o u r  f r e q u e n c i e s .  Furthermore,  

temporal  a u t o c o r r e l a t i o n  f u n c t i o n s  computed from our  d a t a  u s u a l l y  were 

n e a r l y  i d e n t i c a l  a t  t h e  two f r e q u e n c i e s  i n d i c a t i n g  t h a t  t h e  same s c a l e  

predominated i n  t h e  ground shadow p a t t e r n s  a t  e a c h  frequency.  This  i s  

i n c o n s i s t e n t  with a n  o p t i c a l l y  t h i c k  s c a t t e r i n g  r e g i o n .  

For an o p t i c a l l y  t h i n  r e g i o n  t h e r e  are two s o u r c e s  of e r r o r  i n  

de te rmina t ion  of s c i n t i l l a t i o n  index which may be ignored  i n  our  analy-  

s is  because they  c a n c e l  when t h e  s c i n t i l l a t i o n  r a t i o  i s  computed. The 

f i r s t  i s  t h a t  which o c c u r s  when t h e  wavefront a r r i v i n g  a t  t h e  ground 

c o n t a i n s  s t r u c t u r e  of a scale comparable t o  t h e  antenna s e p a r a t i o n  

employed. Such l o s s  of c o r r e l a t i o n  produces an  e r roneous  decrease i n  

t h e  measured v a l u e  of  S 

mouw and Lansinger  (1966). For an  o p t i c a l l y  t h i n  r e g i o n  t h e  scale of 

t h e  ground shadow p a t t e r n  i s  e s s e n t i a l l y  independent  of f requency.  

Given t h i s  c o n d i t i o n ,  t h e  two-frequency s c i n t i l l a t i o n  r a t i o  i s  n o t  mod- 

i f i e d  by such a r e d u c t i o n  i n  c o r r e l a t i o n  when e q u a l  b a s e l i n e s  a r e  used.  

as h a s  been d i s c u s s e d  q u a n t i t a t i v e l y  by Fre- i’ 

The second p o t e n t i a l  problem i s  t h e  d e c r e a s e  i n  Si a s s o c i a t e d  wi th  

f i n i t e  source s i z e ,  a s  d i s c u s s e d  by Rr iggs  (1961). The e r r o r  a r i s e s  

when t h e  displacement  between t h e  ground shadow p a t t e r n s  from o p p o s i t e  

s i d e s  of the s o u r c e  becomes an  a p p r e c i a b l e  f r a c t i o n  of t h e  p a t t e r n  
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s c a l e .  

f requency .  

f e c t e d  by f i n i t e  s o u r c e  s i z e .  

Again f o r  a n  o p t i c a l l y  t h i n  r e g i o n  t h e  e f f e c t  i s  independent of 

Accordingly t h e  two-frequency s c i n t i l l a t i o n  r a t i o  i s  unaf- 

A c o n s i d e r a b l e  range i n  h e i g h t  h a s  been measured f o r  auroral-zone 

i r r e g u l a r i t i e s .  However, t h e  most comprehensive set of measurements 

a v a i l a b l e  (Liszka ,  1964) shows a d i s t i n c t  peak i n  t h e  d i s t r i b u t i o n  of 

s c i n t i l l a t i o n - p r o d u c i n g  i r r e g u l a r i t i e s  a t  about 300 km, w i t h  75 percent  

of t h e  d a t a  p o i n t s  f a l l i n g  between 200 and 500 km. For s i m p l i c i t y  i n  

o u r  a n a l y s i s  w e  have t a k e n  a l l  region c e n t e r  h e i g h t s  t o  be w i t h i n  t h e  

l a t te r  range.  When i t  h a s  been necessary  t o  assume a s p e c i f i c  c e n t e r  

h e i g h t ,  we have used 300 km. 

Compared w i t h  h e i g h t  de te rmina t ions ,  t h e r e  are r e l a t i v e l y  few mea- 

surements  of  a x i a l  r a t i o  i n  t h e  a u r o r a l  zones.  L i s z k a  (1963) has  

r e p o r t e d  s i x  o b s e r v a t i o n s  a t  an a u r o r a l  l a t i t u d e ,  t h e  measured r a t i o  

ranging  from 8 through 21.  Observing from Cambridge, Jones  (1960) 

r e p o r t e d  a median v a l u e  of s l i g h t l y  g r e a t e r  t h a n  5 when h i s  l i n e  of 

s i g h t  t r a v e r s e d  t h e  a u r o r a l  ionosphere.  (Note t h a t  t h e  o b s e r v a t i o n s  by 

Flood (1965) of  a l ignment  w i t h  t h e  l o n g  dimension t r a n s v e r s e  t o  t h e  

geomagnetic f i e l d  were f o r  t h e  s p e c i a l  c o n d i t i o n s  of v i s i b i l i t y  f a d e s  

and may p e r t a i n  t o  E-layer i r r e g u l a r i t i e s . )  

Our c a l c u l a t i o n s  of s c i n t i l l a t i o n  r a t i o  based on Budden's e q u a t i o n  

(49) have shown l i t t l e  s e n s i t i v i t y  t o  a x i a l  r a t i o  except  n e a r  t h e  con- 

d i t i o n  of i s o t r o p y .  For a g iven  c e n t e r  h e i g h t ,  c u r v e s  s imilar  t o  those  

i n  F ig .  1 d i f f e r  most f o r  a x i a l  r a t i o s  of 1 t o  2 ,  less f o r  r a t i o s  of 2 
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t o  5 ,  and v e r y  l i t t l e  f o r  r a t i o s  of 5 t o  20. 

were n o t  cons idered .  

tween 5 and 20 o c c u r s  n e a r  upper t r a n s i t ,  t h e  case shown i n  F ig .  l. 

For most source  p o s i t i o n s  t h e  two sets of c u r v e s  are e s s e n t i a l l y  iden-  

t i c a l .  

R a t i o s  less t h a n  u n i t y  

The g r e a t e s t  e f f e c t  of v a r y i n g  a x i a l  r a t i o  be- 

Thus o v e r  t h e  range of a v a i l a b l e  aurora l -zone  a x i a l - r a t i o  measure- 

ments (excluding v i s i b i l i t y  f a d e s ) ,  o u r  r e s u l t s  may be expected t o  be 

e s s e n t i a l l y  independent of a x i a l  r a t i o .  For purposes  of a n a l y s i s  w e  

have assumed t h e  v a l u e  5 .  

The method of a n a l y s i s  employed i s  i l l u s t r a t e d  i n  F ig .  1. The 

h o r i z o n t a l  b a r s  i n d i c a t e  exper imenta l  v a l u e s  of s c i n t i l l a t i o n  r a t i o .  

The l i m i t s  o f  t h e  b a r s  are se t  by t h e  assumed range of h e i g h t  (200-500 

km)  and the  assumed range of a x i a l  r a t i o  (5-20). The p r o j e c t i o n  on t h e  

a b s c i s s a  o f  a p a r t i c u l a r  measurement b a r  y i e l d s  t h e  range of s c a l e  s i z e  

c o n s i s t e n t  w i t h  t h e  assumed h e i g h t  and a x i a l  r a t i o  l i m i t s .  Graphs s i m -  

i l a r  t o  Fig. 1 w e r e  c o n s t r u c t e d  f o r  a l l  z e n i t h  a n g l e s  observed,  w i t h  

each  graph used t o  cover  a ten-degree range.  Where n e c e s s a r y , s e p a r a t e  

graphs  were used f o r  s o u r c e - r i s i n g  and s o u r c e - s e t t i n g  o b s e r v a t i o n s  i n  

t h e  s a m e  zeni th-angle  range.  

Combining r e s u l t s  o b t a i n e d  i n  t h e  above manner f o r  d i f f e r e n t  por- 

t i o n s  of t h e  sky r e s u l t s  i n  a h i s togram which g i v e s  t h e  occurrence  d i s -  

t r i b u t i o n  o f  t r a n s v e r s e  scale s i z e .  It  is  t o  b e  noted t h a t  t h e  r e s u l t s  

are based on assumption of a uniform d i s t r i b u t i o n  between 200 and 500km 

f o r  r e g i o n  c e n t e r  h e i g h t s .  This  assumption g e n e r a l l y  t e n d s  t o  broaden 
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r e s u l t i n g  h is tograms compared w i t h  r e s u l t s  based on t h e  peaked h e i g h t  

d i s t r i b u t i o n  observed by Liszka  (1964), a l though i t  reduces  t h e  h i s t o -  

gram's  b a s e  width.  

Each measurement of s c i n t i l l a t i o n  r a t i o  w a s  determined from one 

h o u r ' s  d a t a  c o n t a i n i n g  about 900 d i g i t i z e d  samples a t  each of t h e  two 

o b s e r v i n g  f r e q u e n c i e s .  The b a s i c  measurement u n c e r t a i n t y  and t h a t  

a r i s i n g  from one-hour averaging are n e g l i g i b l e  compared w i t h  t h a t  pro- 

duced by t h e  u n c e r t a i n t y  i n  h e i g h t .  Therefore  t h e  former two sources  

of e r r o r  were ignored i n  t h e  a n a l y s i s .  

RESULTS FOR IRREGULARITY SCALE 

I 

When a l l  d a t a  were analyzed i t  w a s  found t h a t  f i v e  o b s e r v a t i o n s  

corresponded t o  far-zone c o n d i t i o n s .  The remaining 239 o b s e r v a t i o n s  

produced measurements of s c a l e  s i z e .  The r e s u l t ,  g i v e n  by t h e  s o l i d  

h is togram i n  Fig.  4 ,  shows a c o n s i d e r a b l e  p r e f e r e n c e  f o r  t r a n s v e r s e  

scales on t h e  o r d e r  of 0.6 t o  0.8 km. This  i s  i n  c l o s e  agreement w i t h  

f i v e  of t h e  s i x  t r a n s v e r s e - s c a l e  measurements r e p o r t e d  by Liszka  (1963, 

s e c t i o n  3C). 

I f  t h e  d a t a  are s p l i t  between t h e  seven most n o r t h e r l y  hour a n g l e s  

and t h e  remainder ,  two q u i t e  d i f f e r e n t  occur rence  d i s t r i b u t i o n s  of 

scale s i z e  r e s u l t .  This  i s  shown i n  t h e  broken h is tograms of F ig .  4 .  

It i s  s e e n  t h a t  t h e  peak i n  t h e  o v e r a l l  d i s t r i b u t i o n  r e s u l t s  mainly 

from t h e  l o w e r - l a t i t u d e  i r r e g u l a r i t i e s ,  whose scales peak a t  0.6 t o  

0 . 7  km. 

a t i v e l y  broader .  

The h i g h e r - l a t i t u d e  d i s t r i b u t i o n  peaks n e a r  1 . 0  km and is rel- 
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and f o r  two ranges  of z e n i t h  a n g l e .  Analys is  based on 
assumption of uniform d i s t r i b u t i o n  between 200 and 500 km 
f o r  d i f f r a c t i o n - r e g i o n  c e n t e r  h e i g h t s .  



Earlier i n  t h i s  paper  w e  concluded t h a t  our  o b s e r v a t i o n s  imply 

e i t h e r  a decrease  i n  h e i g h t  o r  a n  i n c r e a s e  i n  s c a l e  wi th  i n c r e a s i n g  

l a t i t u d e .  Several workers have measured i r r e g u l a r i t y  h e i g h t s  i n  t h e  

a u r o r a l  zone (Bas le r  and D e w i t t ,  1962 ;  Hook and Owren, 1962; Beynon and 

J o n e s ,  1964; L i s z k a ,  1964; Fr ihagen and Troim, 1961) .  Y e t ,  t o  our 

knowledge, t h e r e  h a s  been no r e p o r t  of an observed decrease  i n  h e i g h t  

w i t h  i n c r e a s i n g  l a t i t u d e .  

Therefore  w e  have analyzed our d a t a  on t h e  assumption t h a t  t h e r e  

i s  no s y s t e m a t i c  dependence of he ight  on l a t i t u d e .  The r e s u l t  f o r  an 

assumed h e i g h t  of 300 km i s  t h e  s c a t t e r  p l o t  o f  t r a n s v e r s e  scale v e r s u s  

Cas A hour a n g l e  which i s  shown i n  Fig.  5a.  A d i s t i n c t  i n c r e a s e  i n  

scale f o r  t h e  more n o r t h e r l y  hour a n g l e s  i s  e v i d e n t .  

It might be argued t h a t  t h e  v a r i a t i o n  i n  s c a l e  d isp layed  i n  Fig. 5a 

r e p r e s e n t s  a d i u r n a l  dependence r a t h e r  t h a n  a l a t i t u d i n a l  one s i n c e  our  

o b s e r v a t i o n s  were taken  over  only  pa r t  of a y e a r .  

p l o t t e d  t r a n s v e r s e  scale v e r s u s  150-degree-west-meridian t i m e  i n  Fig. 5b. 

It w i l l  be  n o t e d  t h a t  t h e  g e n e r a l  scat ter  of t h e  p o i n t s  i n  F ig .  5b is 

g r e a t e r  and t h e  s y s t e m a t i c  t r e n d  l e s s  d i s t i n c t  t h a n  i n  F ig .  5a.  This  

i m p l i e s  t h a t  t h e  observed t r e n d  i s  a s t r o n g e r  f u n c t i o n  of s idereal  t i m e  

(and t h e r e f o r e  of l a t i t u d e )  t h a n  of s o l a r  t i m e .  W e  cannot  s ta te  con- 

c l u s i v e l y ,  however, t h a t  t h e r e  i s  no d i u r n a l  dependence. This p o s s i -  

b i l i t y  should  be checked e i t h e r  by a f u l l  y e a r ' s  o b s e r v a t i o n s  w i t h  a 

Therefore  w e  have 

r a d i o  s ta r  o r  by some o t h e r  means. 
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T i m e  f o r  a n  assumed h e i g h t  of 300 km ( 3  months' d a t a ) .  
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Another d i s t i n c t  d i f f e r e n c e  between t h e  more n o r t h e r l y  group of 

d a t a  and t h e  remainder l i e s  i n  t h e i r  r e s p e c t i v e  dependence on magnet ic  

act ivi ty .  

shows no s t a t i s t i c a l l y  s i g n i f i c a n t  t r e n d .  However, when on ly  t h e  mea- 

surements ob ta ined  a t  t h e  seven most n o r t h e r l y  hour  a n g l e s  a r e  used ,  

t h e r e  is a c l e a r  and somewhat s u r p r i s i n g  i n c r e a s e  i n  scale wi th  i n c r e a s -  

i n g  magnetic a c t i v i t y ,  as shown i n  F ig .  6 .  A l l  t h e  p o i n t s  i n  Fig.  6 

are from t h e  n o r t h e r n  group of measurements. The c i r c l e d  p o i n t s  are 

from the t h r e e  most n o r t h e r l y  hour ang le s .  The l a t t e r  show t h e  same 

t r e n d  as t h e  l a r g e r  group of d a t a  and somewhat less s c a t t e r .  

A s c a t t e r  p l o t  of a l l  measured scales v e r s u s  Col lege  K index 

There is aga in  t h e  p o s s i b i l i t y  t h a t  t h e  magnet ic  dependence of ou r  

d a t a  r e s u l t s  from decreased  he igh t  du r ing  i n c r e a s e d  magnet ic  a c t i v i t y  

r a t h e r  t han  from i n c r e a s e d  scale. However, L i szka  (1964) has  analyzed 

h i s  he igh t  o b s e r v a t i o n s  i n  terms of K index.  

d i f f e r e n c e  i n  t h e  h e i g h t  d i s t r i b u t i o n  of i r r e g u l a r i t i e s  f o r  l o c a l  K 

i n d i c e s  of 0 through 6. 

H e  found no s i g n i f i c a n t  

It could be t h a t  such an e f f e c t  w a s  masked i n  L i s z k a ' s  r e s u l t s  by 

t h e  s t r o n g  l a t i t u d i n a l  c o n t r o l  which we have observed.  

p o s s i b i l i t y  ought t o  be checked. 

i n fo rma t ion ,  however, w e  sugges t  t h a t  a dependence of s c a l e  on magnet ic  

ac t iv i ty ,  such as t h a t  shown i n  Fig.  6 ,  e x i s t s  f o r  s c i n t i l l a t i o n - p r o -  

ducing i r r e g u l a r i t i e s  above about  67' l a t i t u d e  (geographic  o r  geomag- 

Again,  t h i s  

On t h e  b a s i s  of c u r r e n t l y  a v a i l a b l e  

1 n e t i c ) .  

'Geographic and geomagnetic l a t i t u d e  are n e a r l y  e q u a l  i n  t h e  r eg ion  of 
i n t e r e s t .  
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CORRELATION BETWEEN AMPLITUDE SCINTILLATIONS AT TWO FREQUENCTES 

From 91.5 hours  of d a t a  w e  made 50 c a l c u l a t i o n s  of  observed c o r r e -  

l a t i o n  for  p e r i o d s  on t h e  o r d e r  of a n  hour  each d u r i n g  which t h e  records 

appeared t o  e x h i b i t  r e a s o n a b l e  s t a t i s t i c a l  s t a t i o n a r i t y .  The observed 

c o r r e l a t i o n  c o e f f i c i e n t s  a r e  p r e s e n t e d  i n  F i g .  7 as a f u n c t i o n  of  z e n i t h  

angle .  The r e p r e s e n t a t i v e  e r r o r  f l a g s  i n  t h e  v e r t i c a l  d i r e c t i o n  i n d i -  

cate  t h e  95-percent conf idence  l i m i t s  i n  d e t e r m i n a t i o n  of t h e  c o r r e l a -  

t i o n  c o e f f i c i e n t .  The l i m i t s  i n  t h e  h o r i z o n t a l  d i r e c t i o n  i n d i c a t e  t h e  

t y p i c a l  v a r i a t i o n  i n  z e n i t h  a n g l e  of t h e  s o u r c e  over  t h e  p e r i o d  of a 

d a t a  run. 

The r e s u l t s  were analyzed f o r  t r a n s v e r s e  s c a l e  s i z e  i n  a manner 

s imilar  t o  t h a t  d e s c r i b e d  above f o r  s c i n t i l l a t i o n  r a t i o .  I n  a l l  in -  

s t a n c e s  corresponding r e s u l t s  were a v a i l a b l e  from t h e  s c i n t i l l a t i o n -  

r a t i o  a n a l y s i s ,  a l though t h e  two sets  of r e s u l t s  seldom r e p r e s e n t e d  

s t r i c t l y  s imultaneous o b s e r v a t i o n s .  

I n  genera l  t h e  agreement between t h e  two sets  of r e s u l t s  was n o t  

c l o s e .  The s c a l e s  o b t a i n e d  from t h e  c o r r e l a t i o n  a n a l y s i s  on t h e  aver- 

age  (and r a t h e r  c o n s i s t e n t l y )  were smaller t h a n  t h o s e  o b t a i n e d  from t h e  

s c i n t i l l a t i o n - r a t i o  a n a l y s i s .  T h i s  cor responds  t o  observed v a l u e s  of  

c o r r e l a t i o n  which are t o o  small t o  be compat ib le  w i t h  t h e  observed 

v a l u e s  o f  s c i n t i l l a t i o n  r a t i o .  

On t h e  average  t h e  d iscrepancy  between t h e  two sets of r e s u l t s  w a s  

g r e a t e r  f o r  t h e  l a r g e r  z e n i t h  a n g l e s .  This  s u g g e s t s  t h a t  r e f r a c t i o n  i s  

r e s p o n s i b l e .  The r e s i d u a l  d i screpancy  a t  s m a l l  z e n i t h  a n g l e s  can be 
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expla ined  on t h e  b a s i s  of r e f r a c t i o n  i n  l a r g e - s c a l e  ion-dens i ty  g r a d i -  

e n t s  below t h e  s c i n t i l l a t i o n - p r o d u c i n g  r e g i o n .  

A d i f f e r e n t i a l  r e f r a c t i o n  a n g l e  a t  t h e  two wavelengths w i l l  r e s u l t  

i n  a s e p a r a t i o n  of t h e  ground d i f f r a c t i o n  p a t t e r n s .  An a n g l e  as s m a l l  

as 3 minutes of arc w i l l  r e s u l t  i n  a s e p a r a t i o n  which can be an  appre- 

c i a b l e  f r a c t i o n  of a n  i r r e g u l a r i t y  width.  This  would occur f o r  a 300-Ian 

h e i g h t  w i t h  s c a l e  s i z e s  of t h e  o r d e r  o b t a i n e d  from t h e  s c i n t i l l a t i o n -  

r a t i o  a n a l y s i s .  Muldrew (1965) and Sharp (1966) have r e p o r t e d  t h e  

e x i s t e n c e  of h i g h - l a t i t u d e  i o n i z a t i o n  t r o u g h s .  It is  t o  be expected 

t h a t  g r a d i e n t s  a s s o c i a t e d  wi th  t h e s e  t r o u g h s  would produce such r e f r a c -  

t i o n .  

In c o n t r a s t  t o  t h e  s t a t i s t i c a l l y  s i g n i f i c a n t  c o r r e l a t i o n  shown i n  

F ig .  7 f o r  o b s e r v a t i o n s  a t  68 and 223 MHz, Chivers  (1960) r e p o r t e d  i n -  

s i g n i f i c a n t  c o r r e l a t i o n  a t  26 and 79 MHz. 

a 3:l frequency r a t i o  w a s  used i n  both  sets of o b s e r v a t i o n s ,  t h e  lower 

observing frequency i n  our  o b s e r v a t i o n s  i s  c o n s i d e r a b l y  h i g h e r  t h a n  

t h a t  of Chivers .  

It i s  t o  be noted t h a t  w h i l e  

It w a s  p o i n t e d  o u t  by Budden (1965) t h a t  t h e  c o r r e l a t i o n  w i l l  be  

h i g h  provided t h e  d i f f e r e n c e  i n  d i s t a n c e ,  A L ,  t r a v e l e d  t o  t h e  f i r s t  

F r e s n e l  zone a t  t h e  two observ ing  f r e q u e n c i e s  i s  small compared t o  t h e  

scale s i z e .  

o f  l i g h t  as c y  t h i s  d i f f e r e n c e  i s  

Given a d i s t a n c e  z t o  t h e  r e g i o n  and denot ing  t h e  v e l o c i t y  
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I 

It i s  c lear  t h a t  e i t h e r  an  i n c r e a s e  i n  t h e  r a t i o  f If o r  a de- 
2 1  

crease i n  f w i l l  r e s u l t  i n  an i n c r e a s e  i n  A l l .  The Alaska o b s e r v a t i o n s  

y i e l d  v a l u e s  of A L  smaller than  those  of Chivers  by a f a c t o r  of about 

1 .6 .  

f r a c t i n g  r e g i o n ,  t h e  Alaska d a t a  would be  expected t o  show a h ighe r  

c o r r e l a t i o n .  

t h e  magnitude of t h e  observed c o r r e l a t i o n  lower than  t h a t  a n t i c i p a t e d  but  

s u b s t a n t i a l l y  h i g h e r  than  t h a t  r epor t ed  by Chivers  (1960).  In  t h e  

absence  of r e f r a c t i v e  e f f e c t s  t h e  observed c o r r e l a t i o n  would be s t i l l  

h i g h e r .  

1 

Thus f o r  t h e  same i r r e g u l a r i t y  s i z e s  and d i s t a n c e s  t o  t h e  d i f -  

Our obse rva t ions  have borne o u t  t h i s  e x p e c t a t i o n ,  w i th  

CONCLUSION 

From a n a l y s i s  of our  two-frequency obse rva t ions  by t h e  s c i n t i l l a -  

t i o n - r a t i o  t echn ique ,  w e  have reached t h e  fo l lowing  conc lus ions :  

1. 

2. 

3. 

Auroral-zone s c i n t i l l a t i o n - p r o d u c i n g  i r r e g u l a r i t i e s  a t  

geographic  o r  geomagnetic l a t i t u d e s  below 67" t y p i c a l l y  

have s c a l e s  t r a n s v e r s e  t o  the  geomagnetic f i e l d  on t h e  

o r d e r  of 600 t o  700 meters .  

Above t h i s  l a t i t u d e  t y p i c a l  t r a n s v e r s e  s c a l e s  are on t h e  

o r d e r  of 1 k i lome te r .  

The more s o u t h e r l y  of  t h e s e  i r r e g u l a r i t i e s  d i s p l a y  no 

g e n e r a l  dependence of s c a l e  on magnet ic  K index ,  wh i l e  

t h e  more n o r t h e r l y  ones i n c r e a s e  i n  s i z e  w i t h  i n c r e a s i n g  

magnet ic  a c t i v i t y .  

The above conc lus ions  are based on assumption of  F- layer  c e n t e r  h e i g h t s  

f o r  t h e  d i f f r a c t i n g  r eg ion  and exclude t h e  special  a u r o r a l l y  a s s o c i a t e d  
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c o n d i t i o n s  of r a d i o - s t a r  v i s i b i l i t y  f a d e s .  

t i e s  are c o n s i d e r a b l y  smaller (Flood, 1964; Fremouw, 1966).  

Fade-producing i r r e g u l a r i -  

An a l t e r n a t i v e  e x p l a n a t i o n  of  t h e  d a t a  l e a d i n g  t o  c o n c l u s i o n s  2 

and 3 above i s  t h a t  i r r e g u l a r i t y  h e i g h t  d e c r e a s e s  w i t h  i n c r e a s i n g  l a t i -  

t u d e  and K index.  P r e s e n t l y  a v a i l a b l e  i n f o r m a t i o n  f a i l s  e i t h e r  t o  sup- 

p o r t  o r  d e f i n i t e l y  reject t h i s  p o s s i b i l i t y .  

From t h e  a n a l y s i s  of p a r t  of our  d a t a  by t h e  two-frequency c o r r e -  

l a t i o n  technique  and comparison w i t h  t h e  s c i n t i l l a t i o n - r a t i o  r e s u l t s ,  

we have concluded t h a t  t h e  former s u f f e r s  from t h e  i n f l u e n c e  of l a r g e -  

scale r e f r a c t i o n  e f f e c t s .  The r e s u l t  is an underes t imat ion  of t h e  

scale of  s c i n t i l l a t i o n - p r o d u c i n g  i r r e g u l a r i t i e s .  

A t  VHF and l o w  UHF, a f requency r a t i o  of about t h r e e  i s  u s e f u l  f o r  

e i t h e r  technique  under normal c o n d i t i o n s  i n  t h e  a u r o r a l  zones.  How- 

ever, t h e  c o r r e l a t i o n  technique  is n o t  r e l i a b l e  i n  t h e  lower p o r t i o n  of 

t h i s  range because  of r e f r a c t i v e  e f f e c t s .  
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